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We report on a transient optical reflectivity study of the charge density wave (CDW) in CuxTiSe2
single crystals. Our measurements reveal that the system undergoes a quantum phase transition at
x=0.04 from a strong commensurate CDW (x≤0.04) to a soft incommensurate CDW (x≥0.04). We
find that the cooperative driving mechanisms for the commensurate CDW, the excitonic insulator
mechanism and the soft L1
− phonon mode, decouple at x=0.04 with the observed fluctuations in
the folded Se-4p band dominating the transition. We also demonstrate a loss of coherence in the
A1g phonon with increased copper intercalation of the parent lattice, indicating a loss of long-range
lattice order. These findings provide compelling evidence that TiSe2 undergoes a quantum phase
transition upon copper intercalation from a state of commensurate charge order to a state with a
different symmetry in which the new charge order coexists with the superconducting phase.
Development of different phases in a material can be
described by the emergence of a corresponding order pa-
rameter that is triggered by a sudden change in sym-
metry, as first noted by L.D. Landau. [1] At temper-
atures close to 0K, crossing a boundary between two
phases means that something fundamentally has changed
in the quantum mechanical ground state of the system,
i.e. the system has undergone a quantum phase transi-
tion (QPT). In this case the change in the state is not due
to the temperature, but due to change in some parame-
ter in the Hamiltonian describing the system, for example
strain, doping, disorder, etc. The quantum fluctuations
associated with QPTs are also driven by the quantum
mechanics on a microscopic scale, unlike the long range
critical fluctuation in classical (thermally driven) phase
transitions. The importance of QPTs goes far beyond
the zero-temperature case: QPT determines the coexis-
tence of different phases in the material at finite temper-
atures and, in fact, provides answers about the coexis-
tence and competition of different order parameters over
a large area of the phase diagram. Thus, studies of QPTs
in materials with coexisting order parameters could ex-
pose the mechanisms of correlated electron states at fi-
nite temperatures such as charge density wave (CDW),
high-temperature superconductivity, etc.
Many high-temperature superconductors have a strong
intrinsic disorder making it difficult to precisely control
the physical parameter that triggers the QPT. Transi-
tion metal dichalcogenides (TMDs), on the other hand,
provide an excellent model system with relatively simple
crystalline structure and a wealth of ground states that
result in the coexistence of charge order, Cooper pairs,
excitonic condensate, etc. Among the many TMDs ex-
hibiting excitonic properties [2–5], TiSe2 is a prime can-
didate for displaying the excitonic insulator behavior [6]
in which a CDW phase arises from strong Coulomb in-
teractions. The excitonic condensate was proposed as
the driving mechanism for the commensurate CDW in
TiSe2 [7–9] in part due to its low carrier density, which
leads to reduced screening between the holes in the Se-4p
band and electrons in the Ti-3d band. However, it has
been difficult to confirm that excitonic insulator mecha-
nism is the dominant reason for triggering the CDW in
TiSe2. [10]
The primary competing hypothesis to the purely exci-
tonic origin of the CDW in TiSe2 has been the band-type
Jahn-Teller mechanism combined with electron-phonon
coupling [11–15]. The discovery of a soft phonon at the
TCDW=200K [16, 17] lent weight to the Jahn-Teller pic-
ture [13, 14]. With both the excitonic insulator [9, 18–20]
and Jahn-Teller [15, 21] views supported by various ex-
periments, the question turned from whether the CDW
transition is caused by either excitons or by phonons in-
teracting with electrons at the Fermi surface, to the more
subtle question of how these two mechanisms cooper-
ate [22–25] to give rise to the observed CDW in TiSe2, in-
cluding the recently observed chiral CDW phase [26–28].
Recent ultrafast pump-probe [24, 26, 29] and transient
angle resolved photo-emission spectroscopy [20, 30–32]
experiments have been aimed at disentangling electron-
electron and electron-phonon interactions in pristine
TiSe2. Up to now the exact relation between these mech-
anisms has remained elusive [10, 20, 23–25].
The recent discovery of superconductivity in Cu-doped
TiSe2 [34] and its coexistence with the CDW [35] has
reinvigorated research on this system. Of particular in-
terest has been the different nature of the CDW in TiSe2
and CuxTiSe2 [36], as well as in TiSe2 under pressure. [37]
In this work we systematically tune the level of Cu inter-
calation in TiSe2 and simultaneously track the changes in
the excitonic and phonon subsystems with the goal of un-
derstanding the evolution of underlying ground states as
the system transitions from a narrow-band semiconduct-
ing state (TiSe2) to superconducting state in CuxTiSe2
(at x> 0.04).
We have performed ultrafast optical pump-probe ex-
periments in which we have varied laser fluence, Cu dop-
ing, and temperature to explore the phase diagram of
2FIG. 1. (a-d) Transient reflectivity change in optical density ∆OD for (a) normal/semimetalic phase, (b) metallic phase, (c)
CDW phase, (d) non-thermally melted CDW state (threshold at 0.25mJ/cm2). Warm colors denote ESA while cool colors
denote GSB. (e,f) Fourier transforms of coherent A1g oscillations for the CDW and normal phases. (g) time domain trace
of TiSe2 optical response at 3K and a 0.017mJ/cm
2 pump fluence. (h) TiSe2 electronic band diagram adapted from Zunger
et al [33] with arrows specifying optically excited resonances. Blue arrows mark GSB resonances and red arrows mark ESA
resonances.
CuxTiSe2 single crystals. To our knowledge this is the
first such systematic study that dynamically monitors
the electron-electron and electron-phonon interactions
in CuxTiSe2 as the system progresses from the normal
and CDW phases into the metallic and superconducting
phases. Copper doping was found to weaken the excitonic
condensate and decouple it from the L1
− phonon mode,
leading to fluctuations that are indicative of a quantum
phase transition at x=0.04. This, along with a loss of
coherence in the A1g response at Cu0.04TiSe2, supports
the picture of a commensurate CDW in intrinsic TiSe2
which transitions upon Cu intercalation into a state with
a different symmetry characterized by an incommensu-
rate CDW that coexists with superconductivity.
High quality single crystals were grown using the chem-
ical vapor transport method [7, 9, 38] and characterized
using energy dispersive X-ray spectroscopy, X-ray diffrac-
tometry, and variable temperature transport. The crys-
tals were exfoliated in inert atmosphere to expose a clean
surface before being mounted in the optical setup in re-
flection geometry. The pump pulse had a wavelength
1160nm (1.07eV), a 1 kHz repetition rate, and 600µm
diameter spot size. Excited carriers were dynamically
monitored by a white light probe pulse. If the pump pulse
removes a resonance within the electronic band structure
it results in a negative spectral signal at that wavelength,
i.e. ground state bleaching (GSB) while adding a reso-
nance yields a positive signal, i.e. excited state absorp-
tion (ESA).
Fig.1(a) shows that the normal phase in pristine TiSe2
has its most prominent change in optical density (∆OD)
as a GSB signal at 500nm which is assigned to the Ti-
3d conduction band, and an ESA signal at 620nm which
is assigned to the Se-4p valence band along Γ-A. The
magnitude of these signals increases with the pump flu-
ence. Optically excited resonances within the electronic
band structure change as the material enters the CDW
phase at lower temperatures, as shown in Fig.1(c) with
two prominent features appearing at 550nm and 690 nm.
These are assigned to the backfolded Se-4p valence band
that forms as the sample enters the CDW phase [30].
To further demonstrate that the new 550 nm and
690nm resonances in Fig.1(c) are consistent with the
folded Se-4p band, the pump fluence was raised above
the non-thermal melting threshold (0.25mJ/cm2) of the
CDW phase [20, 29, 30]. Fig.1(d) shows the resulting
transient spectra within the first 100 fs exhibiting a sim-
ilar response as the low fluence CDW measurement in
Fig.1(c). This is rapidly followed by the picosecond-
nanosecond response of the transient spectra which ap-
pears to mimic the normal phase response shown in
Fig.1(a). The 550nm and 690nm assignments are further
corroborated by coherent oscillations of A1g phonons as-
sociated with the normal phase lattice (6.2 THz) and the
CDW lattice (3.4THz) [29, 32, 39] as shown in Fig.1(g).
FFT of these oscillations from the transient spectra re-
veals that the A1g CDW oscillation is centered at 550 nm
and 690nm, while the normal phase A1g resides outside
3of these regions and instead in the Se-4p band along
Γ-A (Fig.1(e,f)). The pump pulse at high fluences (≥
0.9mJ/cm2) is shown to cause non-thermal melting of
the CDW which yields the normal phase A1g response
shown in Fig.1(d). Fig.1(h) illustrates the optically ex-
cited transitions at different energies within the electronic
band structure of TiSe2 in the CDW phase.
Having assigned the change in optical response of
CuxTiSe2 to optically excited resonances near the Fermi
surface, we now turn to a systematic quantitative analysis
of the transient spectra. This was accomplished with the
open-source software package Glotaran [40] which models
the transient optical response as follows:
Transient Optical Response =∑
i
IRF ⊗∆ODi(λ) × e
−t/τi
In our case the instrument response function (IRF) was
convoluted with two exponential decay functions, each
with a starting magnitude (∆OD coefficient that is wave-
length dependent) and decay constants (τ1 and τ2). The
∆OD coefficient signifies an excited carrier population
at the beginning of the exponential decay for each time
regime. The process associated with τ1 begins when the
excited carrier population has already self-scattered, and
begins interacting with the lattice to further lower its en-
ergy toward the Fermi surface. The process characterized
with decay rate τ2 is the one in which the electrons and
holes situated as close to the Fermi surface as they can
recombine across the bandgap on nanosecond timescales.
The shorter time scale decay constant τ1 is governed
by electron-phonon coupling. Typically longitudinal op-
tical (LO) phonons are the dominant contributor to
the energy reduction of the excited electronic carriers.
Stronger electron-phonon coupling leads to faster decay
rates (smaller τ1 values) assuming static electronic band
structures and moderate excitation temperatures. How-
ever, the experiments on intrinsic TiSe2 and low doped
CuxTiSe2 do not always satisfy these two conditions. A
periodic lattice distortion (PLD) [9], is a coherent al-
teration of the lattice from normal to superlattice state
(with doubling of the size of the unit cell) that accompa-
nies the formation of the CDW state. When large popu-
lations of carriers are excited during non-thermal melting
at high fluences, the lattice reverts from the PLD state
back to the normal phase [20, 29, 30], temporarily chang-
ing the electronic band structure (i.e. the backfolded
bands). The lattice, now in its excited normal phase, be-
gins to revert back to the initial PLD state [24] via emis-
sion of the soft L−
1
phonon [16, 17] which is expected to
dominate electron-phonon coupling [13, 14]. This process
of melting and subsequent refreezing of the PLD phase
slows the recovery time of the electronic carriers at pi-
cosecond timescales as they react to the changing ener-
getic landscape for the duration of this process. Thus τ1,
FIG. 2. Fitted decay constants across all parameters. τ1
(ps) is dominated by electron-phonon interactions with con-
tributions from changing electronic band structure. τ2 (ns) is
governed by electron-hole recombination across the bandgap.
Blue symbols in the right-most column lie within the super-
conducting part of the phase diagram. Curves are shown to
aid the eye.
being a measure of electron-phonon coupling, in our case
is strongly influenced by the lattice and structural phase
transition at TCDW .
Fig.2 shows that the electron-phonon relaxation time
τ1 is strongly dependent on the pump fluence, but rel-
atively insensitive to the temperature for x<0.04. As a
result, the lattice in pure TiSe2 is slow to recover from
large optical perturbations, consistent with the findings
by Monney [41] and Zenker [25] in regards to coupling
between excitons and the soft phonon in TiSe2. In their
description the parent lattice becomes susceptible to ex-
citonic condensation near TCDW . As one lowers the tem-
perature the excitonic condensate becomes robust below
temperatures corresponding to the excitonic binding en-
ergy [19]. In principle, the condensate should form an
excitonic insulator state if the lattice is static. In TiSe2,
instead, the softening of the lattice, which comes from
the strong coupling of the condensing excitons to the L−
1
mode, produces a PLD that prevents the excitonic con-
densate from forming. Above the Cu doping of x=0.04, τ1
becomes only weakly dependent on fluence. This signifies
a decoupling of electronic carriers from the L−
1
phonon
and reduction of the PLD at higher Cu doping [42].
In order to explore the evolution of the excitonic side
of CDW formation in CuxTiSe2 with Cu concentration
x, we turn to the decay constant τ2, which is determined
by the electron-hole recombination rate. Deep within the
CDW phase pristine TiSe2 is unstable to the formation
4FIG. 3. (a) ∆OD coefficients associated with τ2 that were fit to the transient optical response of CuxTiSe2 at 620 nm. (b,d)
global ∆OD coefficients associated with picosecond timescales τ 1 (c,e) and nanosecond timescales τ2 for the lowest beam
fluence and varying temperatures. Color (online) shows the effect of increasing Cu doping. Arrows indicate fluctuations at the
superconducting quantum phase transition. Color labels are the same throughout.
of excitons that results in a large spectral weight being
transferred to the backfolded Se-4p band and strengthen-
ing the long range commensurate CDW order [18]. The
presence of the backfolded band opens a direct interband
transition between the partially filled Ti-3d conduction
band and the folded Se-4p band. This transition channel
allows the excited carriers to quickly recombine, resulting
in a small τ2 values at low pump fluences and low temper-
atures (3K), as shown in Fig.2. As we introduce Cu inter-
callant and approach the superconducting region of the
phase diagram near x=0.04, the low temperature recom-
bination rates increase, gradually converging to those ob-
served at higher temperatures. This could be interpreted
as a reduction of electronic density in the backfolded Se-
4p band [43] which in turn indicates a weakening of the
excitonic insulator mechanism and a loss in long range
electronic order in the CDW superlattice [18].
The weakening of the excitonic CDW mechanism and
the reduced fluence dependence of τ1 at x=0.04 and above
are most likely related. If the soft L−
1
mode couples with
excitons, whose constituent holes and electrons lie at ei-
ther end of the phonon vector, and these two mechanisms
cooperate to form the CDW phase [22, 25], then weaken-
ing of the excitonic coupling between these electrons and
holes will decrease the electron-phonon coupling via the
L−
1
mode. As a result the electronic bands will be less
susceptible to renormalization in response to the pump
pulse, removing the large dependence of τ1 on the pump
fluence.
When both of the excitonic and electron-phonon mech-
anisms discussed above have become sufficiently decou-
pled from each other by Cu intercalation, the supercon-
ducting phase begins to appear at T∼0K near x=0.04.
At that point in Tc-x phase diagram we observe clear
signatures of the quantum phase transition as fluctua-
tions in the transient optical response enhance dramati-
cally. Fig.3(a) summarizes the experimental findings by
showing non-monotonous behavior in the ∆OD coeffi-
cient at 620nm with respect to Cu concentration x near
the transition from strong commensurate CDW into the
superconducting phase with incommensurate CDW. [36]
Fig.3(b-e) details the temperature evolution of the global
∆OD coefficients associated with picosecond (τ1) and
nanosecond (τ2) timescales at the lowest pump fluence
used in these experiments. A large change in optical
density ∆OD signifies a large excited carrier population.
Fig.3(b) shows that at 3K the ∆OD coefficient associ-
ated with τ1 exhibits a nonmonotonous behavior, with
a strong instability to small optical perturbations at the
quantum phase transition at x=0.04. The transition at
x=0.04 and T∼0 separates the ∆OD response of the
robust commensurate CDW phase (at x≤0.04) from a
vastly different ∆OD response observed in the coexist-
ing incommensurate CDW and superconducting state (at
x≥0.04). The fingerprint of the instability at x=0.04 is
the fluctuations in the population of the folded Se-4p
band. These fluctuations are monitored by the 550 nm
and 690 nm probe resonances (Fig.1(h)) at picosecond
timescales (dominated by electron-phonon interactions,
Fig. 3(b)), and by the 500nm and 620nm probe reso-
nances at nanosecond timescales (recombination process,
Fig.3(c)). The latter monitor the excited electrons at the
bottom of the Ti-3d band and the holes at the top of the
Se-4p band, respectively.
The above enhancement of fluctuations in ∆OD at
x=0.04 also have a strong signature in the coherent
phonon response observed in CuxTiSe2. FFTs of coher-
ent electronic band oscillations are displayed in Fig. 4,
5FIG. 4. (a-d) FFTs of coherent phonon oscillations in the global transient spectra of CuxTiSe2 for various Cu dopings at 3K
and 0.1mJ/cm2. (e) Select transient spectra for Cu0.08TiSe2 in the superconducting and metallic phases. The red line in part
(d) denotes the optically excited probe resonance used in part (e).
showing the evolution of the coherent A1g LO phonons
for both the normal (6.2THz) and CDW (3.4THz) lat-
tice modes with increasing Cu concentration. As men-
tioned above, the A1g phonons selectively couple to the
electronic band structure, and are indicative of the long
range lattice order [44, 45]. In TiSe2 and Cu0.02TiSe2
the FFT of these coherent electronic band oscillations
corresponds to the 6.2THz A1g signal appearing as two
lobes within the optical excited resonances that monitor
the Se-4p band along the Γ-A direction, which we assign
to the selenium 4px,y and 4pz subbands [46]. The A1g
CDW coherent oscillation of the folded Se-4p band also
appears to have substructure that indicates the presence
of multiple subbands [47]. Fig.4(c) shows giant enhance-
ment of fluctuations at x=0.04 where multiple electronic
bands oscillate at the 6.2THz A1g coherent phonon fre-
quency, as well as a dramatic smearing of the FFT at
the 610nm probe resonance. At x=0.08 the disorder in
the crystal suppresses much of the A1g amplitude except
for the smeared phonon signal at the 610 nm probe reso-
nance. On the other hand, the temperature dependence
of the 640nm resonance corresponding to the Se-4p A
band [46] shows a decrease of the electron-phonon cou-
pling close to the superconducting transition temperature
T=4K (Fig.4(e)). At constant fluence and assuming the
electronic bands are no longer subject to renormaliza-
tion, the high temperature optical responses (100K and
200K) exhibit a much larger electron-phonon coupling
strength than those in the vicinity of the superconduct-
ing phase (3K and 6K) which contribute to the elevated
τ1 decay constant in Fig.2.
Finally, we would like to note that one would expect
the electron-phonon coupling to increase in strength near
the superconducting phase transition, but this need only
be true for those parts of the electronic band structure
that contribute to the formation of Cooper pairs. In the
superconducting Cu0.08TiSe2 it appears that the normal
A1g LO phonon couples to the optically induced holes
at the zone center (monitored by the 610 nm resonance)
rather than to the electrons that are dispersed at the
zone edge (Fig.4(d,e)). So the electron-phonon coupling
responsible for emergence of superconductivity is distinct
from the one leading to commensurate CDW order.
In summary, the time resolved pump-probe optical
spectroscopy results on Cu-doped TiSe2 show that: (1)
both the excitonic condensate and soft L−
1
phonon con-
tribute to formation of commensurate CDW order that is
accompanied by PLD. Cu doping weakens the excitonic
contribution to the CDW and decouples it from the L−
1
phonon. As a result we have a lattice that is less sus-
ceptible to PLD through electronic excitation at x≥0.04;
(2) there is a strong enhancement of fluctuations in the
folded Se-4p band in response to small optical pertur-
bations near the quantum phase transition at x=0.04.
At T∼0 the system transitions from one with a strongly
commensurate CDW phase at x<0.04 into the supercon-
ducting one at x>0.04 with coexisting weakened CDW;
(3) there is a large electron-phonon coupling of the co-
herent A1g phonon to the Se-4p Γ band for Cu0.08TiSe2
at low temperatures, accompanied by a reduced electron-
phonon coupling to the Se-4p A band. In all other parts
of the electronic band structure there is a loss of coher-
ence in the A1g phonon signal with Cu intercalation due
to the Cu-induced disorder.
Our results are in agreement with the earlier find-
ings of Barath et al. [48] in which Raman experiments
on CuxTiSe2 show onset of quantum fluctuations of the
softened CDW-A1g phonon at x=0.04. The onset of fluc-
tuations was taken as evidence for the transition to an
incommensurate CDW phase at x>0.04. Indeed, previ-
ous STM measurements [35] have shown that the CDW
still coexists with the superconducting state up to at least
Cu0.06TiSe2, meaning the transition at x=0.04 is not sim-
ply a transition from a CDW to superconducting phase.
Instead, the enhanced fluctuations at x=0.04 and 3K pre-
sented in our work, show a decoupling of excitons from
the soft L−
1
phonon, and general loss of coherence and
long-range order in the A1g phonon at higher copper dop-
ing. This points to a transition from commensurate to
incommensurate CDW phase which is accompanied with
6the emergence of the superconducting state in a situation
that is analogous to pure TiSe2 under pressure [39]. X-
ray experiments show an incommensurate CDW in the
vicinity of the superconducting phase [36, 37].
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